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ABS’1’RAC’1’

IWii(l occultation studies of’ the temstriai atmosphere arc
possible throu~:h  use of signals transmitted by satellites of
the ~iloba] Positioning Sys[cm  ([iPS) and receiveci  by one
or rll[~[e other satell i tes in iow car[h orbit (1 .I{O). T h e
pcr[Llrbul ilhase of  the  occu l ted signai g i v e s  d i r e c t
inf(mlation on the refractivity profile in the region 01’

o c c u l t a t i o n ,  fron~ w h i c h  vcrticai ptofiles 01” (icnsity,
ptessure,  anLi telllperature can be r-etrieveci. I’he tccilni(lue
requires the usc of the [iuai G1’S i’requencics  in order to
i s o l a t e  an(i  I-ernove  most of tile i o n o s p h e r i c  e f f e c t .
Analysis of the effect of the ionosphere and rrletil(xis of
rcrnoving it wiii bc prescntc(i, ]; O1- t h e  r e c o v e r y  o f
atrr)ospheric  prorlies, two rn:ijor issues are a(i(ircsse(i,  T’hc
first is how’ accurately can reflectivity be retrievcci  t’(lr a
tegion in which there  is a large hori70ntai relractil ity
graciient; the secon(i consi(iels t h e  s e p a r a t i o n  of
temperature an(i r]loisture in the iower- troposphere. l{ZIWI
on rnmiel simulations, the caix~bility of G}’S  to provi(ic
atlnospheric prollles is assesseci.

1.1 N’J’RO1)UCTJON

l’iofiles of atmrrsphcric  refractivity can bc rctrieveci
with techniques utili~,  ing nleasurelnents  of’ ti]e  i~mi~agation
(iciay of’ signals from Global l’osi[ioning System s:[tcliitcs
obser-vrci by one or more receivers in iow earth (mbit.  “1 his
is an appl icat ion 01 tile r:lciio (wcultation tcchniquc
origin:i]iy dcvelo}leci  in ti]c iate  I 900’s” anti eaIly I 970’s
through a co]nbination o f  et’lor(s piirllariiy a t  J]’] an(i
Stanford [University anti is weli cstabiishcd as a technique
i n  N A S A ’ s  p l a n e t a r y  p r o g r a m .  T h e  raciio sigl~ai
propagating from the CiPS tr-ansrnitter  to the I .Ii[) rwciver
follows a path through the terrestrial atn]ospilcre that
curves in Iesponse  to graciicnls  in :itrnospheric ret’raclivc
index. T’hc siowing of the signal as it travels along the
curve(i path produces an extra optical length in aciciitim to

the incrementa l  increase in  the path  Ienpth.

The cumulative effect of the atmosphere on the r:iy
p:ith c:in  be expresseci  in terms of’ the total r-e fractive
hcnding angie,  a, as a function of an impact parameter, ~~ .
I’he impact  parameter  is  ciefine(i as tile periwn(iicuiar
distance between the center of the local  curvature near the
tangent point of {he ray anti the asynlptotic straight iine
foilowed by the ray a~ it approaches ti]e atrnospher-c  (I;ig.
i). ];or an atnmsi~here  with iocai  spber icai sylntnet[ y (i c,,
no horizontal variations in refractive index), there  is a
u n i q u e  r e l a t i o n s h i p >  b e t w e e n  u(c~) anti )((t), the
atmospheric refractive index as a function of ra(iius I-,
Specifically, p(f) is ob[:iineci  through integration of a(a),
where the integral is a specific case of the Abel transform
(Ref I). in the more general case ivhcte the contours of
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ct~nstant r-c flaclil’i[y ate ohla[e i n  r e s p o n s e  10 lhe non-
Sptlt’l”ical  gravity i’icld 01 a  plancl, the non  s[)hc]ica]
inlet sic)n can be pcrlomed (Ref 2). in the nlosl general
case, Iayllacinp can he useci in the invemion pl(wess.

‘1’tlc f u n d a m e n t a l  Illcasurcnlcnt in these rudio
occultation e x p e r i m e n t s  i s  the I)opplcr shil l  of (he
]cccived si:nnl. W h e n  colnhined wi[h a  plccise
kn(~wlcdgc  of t h e  cxpct-imcnl gcolnctly (ohtaincd tl-t)nl
concurrent observations of other G1)S sakllites), each
sample 01 ])opplcl” Ciata c a n  b e  c o n v e r t e d  to the

cot responding values  (or Cr and ~[ I’hc rclractivc index
pt~)filc  p(r) is then  derived from estimates 01 ~(a) .
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With a lul l  constellation of’ 24 CTPS satel l i tes, :i
single G1’S rcceivcr in 1,1X), wil l obtain approximately
s()() globally (Iistl ibutcd profiles pcr day. I’his covcr:igc

may bc sufficient for climate monitoring of stlatosphcric
Ic]npcralurcs. lnlprovemcnt in the spati;tl coverage is
:1~.llicvcd by p lac ing more rcccivcrs  in orbit. Wi th  two
Im’civcrs in low earth orb i t ,  the nul]lbcl of’ soun(iings
w(~uld approach that of the global radioson(ic network,
llccausc the ]cccivcrs arc small,  of” low cost and vcIy
sitllplc devices, p]acing multiple reeeivers in o] bit is a
Iealistir possibility.

‘1’hr occultation observat ions  arc  un ique in  a
nun] be] 01 w a y s .  l;irst, the pr inc ipa l  observable is
propagation delay rather than intensity as in passive
sounders. I;W climate n]onitoring purposes in particular,

this is inlpot-tant b e c a u s e  the errors in the rctt ievals
o b t a i n e d  ltom r a d i o  o c c u l t a t i o n s  w i l l  t e n d  to b e
independent of lhosc  obtainecl  from other techniques. The
pt opagation delay can be measured very accurately and

d(ms  not r e q u i t e  a n y  c a l i b r a t i o n  pariilncters.  T h e
]ncasul-cnlcnt pr-ccision  is sub-n lillimelcr Whclcas  t h e
delay caused by the atmosphere varies froln a fcw
cetltilnctcrs n e a r  60 km a l t i t u d e  to about 1 kn) a t  the
Sul”facc.

A sccund  unique feature is dLle to lhe signal soul”ce
being essentially ii point source. Thcrcfcrre,  the verlical
and cross-beam resolution is defined approxilnatcly by the
l’il st l:resnel zone and is on the ordcl-  of 1 km.  llccausc the
GI’S signal f requenc ies  ( - l .5  6117)  arc very low b y
remote sensing standards, these frequencies are well
below any absorption lines of significant atmospheric
c(~nstitucnts  and the wavelen~ths are suflicien[ly ]ong,

(-20 cl]]) tlwt ac[ow)ls+  cloudi, tind rai[l h:tjc Iittlc e t ’ f e e l
t)rl [IIC prt~pagation  01 the radio si:n:tl. ‘I’t Ii\ iillow~ a liillt~
s(lurding technique w,tlich  opet;tles do~vrl tt~ [br L>tllttl’\
SLII I’Kc. Morc{)vcr,  hccauic the signal source  ii {~bict vc’d
citbct-  irnn~cdiate]y bclorc or a f t e r  t h e  occult:lti(~n, tllc
obsc[vation~ are csscnlially s e l l - c a l i b r : l t e d  ledding to

excellent long-terl~l  stability with no awociatcd cost of on-
board  calibl-ation equipnwnt.

I’he most obvious application of this technique is
accurate tcmpcraturc  retrievals in the stratosphclc ‘1’hc
small amount of water vapor at these altitudes h:l$ very
li t t le effect on the rctlievals. A general t’etiturc  of [I]e
technique which cmnplemcnts passive s(mndcrs  is tb:tt  the
sensit ivi ty pener-ally  improves wilh colder tclnpcratutes

because the air is dry, relatively dense , and sc:ilc  twights
tire relatively sn~all, all of which rcsull in a more  accurate

temperature r-ctrieval  (Rcf 2), I’he occultation data ,.tiso
has a potential application in the area of II oposphcric
weather monitoring. The high vertical resolution and
sens i t i v i t y  to water vapor provides the potential for

cstirnatins the 10 W- ICVC1 moisture profile ivithin the
tropical marine Iaycr (Rcf 3).

A kcy  issue is how to retr ieve I-c f[:tcti\’e-itI[tex
profi les in a horizontally non-uniform ;itrnosphere. l’hc
simplest retrieval technique assumes there is no horizontal
variation locally to the structure, and therefore retrievals
done in this manner will tencl to smooth out the hot i70ntal
structure. An evaluation of the retrieval in a s[)atially
variable atmosphere is provided in this paper. Another
approach is to consider each observation a< an intcgt ill
n]easurenlcnt across  the whole :itmosphcrc, and thcl-cforc
it contains information on the horizontal structure, One

irnprovcrnent over the spherical syrnnwtry  afsunlption is

to eombinc the occu l ta t ion data  with nad i r  v iewing
observations from other instrutnents and do retrievals on
the conlbined data set. Be.cause the high vertical
reso lu t ion of the Iirllt>-sotltl(tir]g  geonletry colnpletilents
the hori7crntal  resolution of the nadir sounders, the two
techniques operating in concert may  bc far more  powel-ful
than citbcr alone.

2. SOLJRCIM  OF RICI~KA(:’1’l\71’l’17

As  // , the index of rclraction, is C1OSC to unily in
the terrestrial atmosphere, it is convenient to define the

refractivity N = (// - 1 ) x 100. In the car[h’s  atmosphclc
there  ale  three main sources of refractivity afl’ecting the
passage of the G1’S signals. (A foul [h s(mrcc  is scat~cring
from large rain drops, but it was shown in Ret 4 that this
s o u r c e  can be neg,lectccl  cxccpt under  very  extlelne
condit ions. ) ‘1’hese arc referred to as dry, ]noist, and
ionospheric tcrn]s respectively, and the approximate
cqu:ition for their dependence is as follows:

N = 77.6 f’ + 3.73x1($ -f} - 4[).3xl(~ $,,
1 .,
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Whel L’
t ) = picssurc in millibars,
~

= tetnpct-atul-e  in Kelvins,
1’,,8 ~ water vapor pressure in millibars,

tl(, = electron nulnber density (n-l),

.1 =- radio ftcqucncy in }17.

Ihc dt-y t e r m  i s  due to t h e  poltirizability of
lnt)lcculcs in Ihc  attnosphcm. [hat is, the abil i ty 01 a n
i n c i d e n t  clecttic field lo i n d u c e  a n  clec[ric field in tbc
IIIOICCUICS.  I’hc moist terln is due to the large per[nanent
dipole monlent of water vapor . ‘l’he  dry term {iominates
for a l t i t u d e s  bet~vcen  ()-90 km wilt] ti]e wate[ v a p o r
ct)ntl-ibu[ ion b e c o m i n g  inlpottant i n  tile lower
tt op(wpime, “1’hc ionosphct  ic troll is prinlarily ciuc 10 flee
clcc(roms  it] tiw ionospiwrc at altitucies  higiwt-  than 90 kin.

‘1’iw ciispct-sivc  nature of tiw ionospilere causes the
ionospheric rcf’r-activity  term  10 cicpcn(i  on the frequency

(?i]’Li tc]tn i n  Iiq I ) . I’his f requency ciependence  is
e x p l o i t e d  b y  tile GPS  d u a l  flequcncics so that  tile
ion(~spiml”ic  ter-in is isoiate(i anti I-enlovcd  to first orcier.
Aftet- tile rcnloval of ti~is t e r m ,  higi]er orcier  residuai
i~jnospiwric tct ms will remain an(i will pl-esent a source of
cr r(lr in tile stmtospbcre. Ti~is effect may be p:i]-ticuiariy
illlpollan[ on tbc ciay sicic. A careful examination of
rcsiciuai ionospher ic  e f fec ts  and the i r  magnitu(ie is
plovi[ie(i in Section 4.

in regions wiwle tile atmosphere is dry (ahovc 10
kIII  aititudc) on ly  the  f i rs t  lerrn on ti]e R}lS of lk] 1 is
significant, C(Jnlbining this with lhe equation of stale  l(Jl-
dly ail rc’suits in

p = (). .7.l&l !’
~,! (2)

\vi)ert’ t is the ail’  (icnsity  in kg nl-~. Compar ing }~qs i
and 2, it hecorlles evident (ilat the density is directly
~~lopotlional  to rcfractivitv for ciry air. ‘1’ile pressute  can. .
IiIcn  bc obtained froln ti]e cicniity
e q u a t i o n  (If hy(irostatic  fxiuilibrium:

by integrating ti]e

(3)

w’ilcre  h  i s  height an(i g is the acceleration of gtavity.
(iivcn r an(i l’, Ik[. (2) can bc used to obtain 7’.

}[owcver, tim “lnoist tel-m”  can be substantial in tiw
Iowcsl scale height of tile earth’s alnwsphcre. ‘1’his terln
aisu  exilibits considcrtible val-iabiiity witi] iocation an(i
ti]]]c. ‘1’iw separate contributions to N by tile dry an(i tile
n~oist terms cannot be ciistin~uisimi u n i q u e l y  b y  t h e
occultation measurements alone,  The accuracy to whici)
ti~cse Ic]-[ns can bc scparatc(i is a function of clinlatic

Icgil]lc. A sirllp]c i(wk at how \vcii [hesr  can hc sepal :I[cd
in ti]e t~vo climatic rcgi[nes is ptesenlrd in Ret’s 3 and -1.
A s  d i s c u s s e d  i n  Ref 3, in tlo[)ical ]Cgion$  \VilCIL> [IIC
tcrnpcrature structule i s  tciativeiy ct~nstan[,  arculatc
estinlates  t~f water  l’apor ptt~files can tw (Jbtainc’d using :1
simpie a v e r a g e  (iry st[-ucturc.  In tiw ottlcr cxtwt]lc, polal
night, the moist contribution is  s~~ slllall t h a t  accutiilr
tcrr]pcr:itule retrievals c;in bc obtaincci  (ioivn to tile sur lace
(i<et’ 4). ‘Ibis is consis[cnt with the previously Il]cntioncd
coid tcmpcraturc retrievai c a p a b i l i t y  c{~r~~l>ier]~cr]tillg
pawivc sensor obscriations. l’hc retrieval of profiles t’or a

non-unifmn atlnospherc is treateci in Section 5.

3. ]tRROR SOUI{CKS  AN]) IIX1’IIC’l’111)

‘1’lthll’ltRA’I’LIRIt  AC(:[JRACY

l]a~eci  on orcicr  of magnitude cstitllation, one can
(iivi(ic the atmospilcrc into several tiltitudc and clilnatic
regions where ciifferen[ er[or sources bccor]le  significant,
llCIOW 25 krn wi]ere  mntlom tnea~uterlwnt  et[or is a sIIIall
fraction of the tot:ii refractivity, systematic cwors  in tile
assume(i  shape of the contours of constant refractivity alc
expcctcd to ciorninatc. R e f r a c t i v i t y ,  ten]peraturc illl(i

p r e s s u r e  el-rc)rs will grow gradua l ly  w i th  increas ing
altitu(ie unti l  the ctccreasc in rcf[:ictivity in tiw ti]inning
atnlosphctc C: IUSCS riindom er[tws  and rcsi(iual ionospiwie
effects to dominate. IUtnciorn  nwa$urctlwnt ct tots iaclucic
siwtl term pilase  instability in the clocks involve~i  in the
rncasuremcnts,  thermal noise in the receivers, multipatil
off the su[-[oundings of the trzins]]~ittcrs  and receivers,
ei~hemeris  errors, tind  uncertain troposi~hcric  tieiays. ‘1’i~e
dominant crmr sout-ees also ciepcnci on tile stl atcgy  tilat is
being used during an occultation.

l’htec ciiffcrcnt approaci]cs :i[t’ p o s s i b l e  w h e n

:inaly7ing ti]c o c c u l t a t i o n  (i:ita. l:irst is ti]e  no-ciiffetencc
tcci]niciue where tncasuremcnts  fl-t)rn link A, whici] is the
iink connect ing  Cil’S I [0 1 ,1{0  showrt  in l;i~ 2, is uscci
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al{)nc.  ‘1’he second  applt)ach is  the s ing le  dilfercncing
technique’. la this tcchniqac lhc carticl phase of’ link A is
sub[lactcd fmIII [hat of’ 11 ( l i n k  between (iJ’SI a n d  a
yl{lur]d O!ltcrla;t),  thct-cby  diff’cmncing out the Cil’S  ] clock
L>rrot. ‘1’IIc third a p p r o a c h  i s  t h e  clollble-~lillcrel]cir]g,
lechnique, v., hcte the fo l lowing l inear  corl~bi  nation is
I’t)rllld:

(link A - link 11)- ( link~; - link I))

1 ink (’ is between [i}’S2 and 11X); link 1) is between
(;1’S2  and the sarnc ground antenna, as shown in lig 2,
‘1’hc (lotlble-(liffelel~citlg technique cancels out all clocks
involved, namely those of CII]SI, G1’S2,  1 ,}10  and ltw
~r-outld  :in(enna. llowevcr, the s i n g l e -  a n d  double-
diff’ercncin~, techniques introduce new errors due  to
atrll(~sphcric  cff’ects  induced on the sign  fils  between the
(;1’S  satellite(s) and the ground receiver. With the six
existing (il’S ground st:itions distributed evenly around
the globe (SLICII a$ the ones used to do mbit dctcr[nination
for ‘I’ol’l; X/l’ OSt; llX)N), there is the necessary  and
sllfficicnl covcragf! to do doub]e differcncing. Thus,  for
a n y  g,iv~’n tweul tat ion gmn~clry, tbcrc. arc. tilway.s  two
(iI’S satellites that arc corlln~on]y viewed by the 1,1;0
s:ltcllitc and two gtound stations.

I’tlblc I shows the dilfclcnt sources of’ error for the
three dift’erent techniques. l’hc syn)bol “x” refers to the
IN cscncc  of the aoisc source  listed on the left for t h e
particular [cchnique. Capita] and bolcl X refers to the fact

that  the crrcw is dominant. l;or instance the G1’S cesium
oscill:l[or- is a dolninan~ el-[or  source  of error in the no-
dil’t’erenciag technique, while it is totally absent in the
sing,lc-  and (lollble-cliffere[~cit~g tcchniqaes. On the other
Iland  llw I .110 quat-[? oscillator, which is about 30 limes
Iwttel in stabilily than [he G1’S ccsiutn,  will have an effect

in the no-dit’lcrencing as \vcll af the sitlglc-cl il’l’crt’[lcil]g
[t’chniquc. I’tlis ettor \vill bc climinalccl aloap ivith t h e
gl-ound  hydlogen-ll~ascr c]ock in the {loL}b]c-~iif’[”crcrlcillg
tcchai(lar osiaming ttmt  d a t a  dr-c taken  at the sar]lc  late
I’rotn  both the 1,}W and ground rcceivcr-s,  Also i[ldic:~tcd
is tbc lypc of the CI-IOrS assurncd  and, w,lwn r-elei, unt.  the
time constants that  arc associatd with tbcse  cwots.  ‘1’hc
f’actot 01 (2) next  to an “x” refers to the fact  that  t]w  noise
appears twice since it is a d{~able dift’ercncing Iechni(luc,
‘1’he (]ucstioll  Ill;lrk rcf’ers 10 It}c fact tll:it the cr [<,r- is ]I{)t
ycl v.c1l urdcrstood,

l:ig 3 shows the typical noise  Icvcls  duc to dii’f’ert’nt
sources, Over the 200” seconds shows, the I:trgest  Clrtlr is
(lae to [Ile 1,10 cluar[z. osc i l la to r  as seen f’rorll  ;i ,grx)und
receiver; therefore it includes lhc inexact spccificalior)  (~f’
the troposphere. ‘l’he following el-mr sources arc :Llso
shown: (1 ) a Ilydrogen maser; (2) a l,IiO SNf{ after
[:iking the linear cornbirmticrn  of 1,1 and 1,2 whcl-ehy  r~~ost
of the ionospheric effect is sablracted out. but  this linear
combination increases the phase  jitters by a fac[ot ol’ 3,
(3)  the ground SNk!,  (4) a I mm ~inc curlc with a petiod
of  300” sccoads  which Ieprescnt tile gloul)d t]lullip:(lh, ( 5 )
a simulated error duc  to lllullipatb off the 1 ,1;() body, ilnd
(6)  n ve]ocity bias which is dac  to unccl-laintics in the
1 .1X) and C;PS velocities and is taken  to be 0,05 rnrn/see,
‘1’hc error sources shown in l;ig 3 do not include the
residual ionospheric error, an effect which is the residual
ionosphere after fmnirrg the traditional “ionospheric free”
linear cornbinntion. Also not shown in the f’igar-e is the
[i])s cesium  clock drift .  A typicai G1’S clock crmr would
look like that of the ] ,}i~) C] LI{IIIZ oscillator shown in ];i,p j
hat a factor” of so bigger-. ‘1’hcrcforc,  w’hea an occultation
link is used without diffcrencing with any crlhcr link (no-
differencing techaiqae), then, the CiI’S  clock (Oscillator  is
by far the most domin:int error source,

‘l’Al{] ,IC 1. liRROl<  SOIJROX  FOR ‘1’IIIC TIIRICIC l)llWtCRHN’I’  ‘I’ItC1l NIQUIH  1’0SS11;1,1: \Wllt N ANA I, YXIN(;
OCCIJI.I’ATION  I)A”I’A.  -

Fkme (k3gm T
(s::)

Oscillatol”s:
GF?S ccsium 1
I Xc) quartz 1

Cirnd H-maser 1

SNR:
GPS to LEO 0.3
GPS to Grnd 0.3
Troposphere
GPS tc) Cirnd 1

Multipath:
cm to 1.130
GPS to Ch-nd
lonosphcre:

m’s to IJ30
GPS to Grnd
GPS2 to LEO

w P
WP
1’1’

SIM

diffe;&cing

x
x

x

x

Smgle- dN.i5’E-
diffmencing differcmcing

x
x

x X(2)
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desclibcd i n  Rcf’ I  to oh[ain [I)c

trcll activity i’elsus IIci:ht, I)rnsily.
]) IcssLII’C  a n d  [Clnpclalule  al-(’ t)htai[lrd
f[L)nl  the ret’ lac[ivi ly pt{)t’ilc thtt)u~li lhc
iwLTdUICS (iCSC1’ihCd i n  Scctit)n 2, “Ihc
tesultanl Ic[llpcratutc s(~lu(ioll is (Ilcll
sut>tractcd  fret]] the i n i t i a l  telllpcl:itutt’
pl{)filc u~ed in tt]c si!lllll:iti[)n i[l (ItClCt-[()
(Jhtain an Cstilila[c  ot’lhc em)],

Simulations weld carlicci  (mt u~ing

t h e  rlo-ciittert’tlcirlg tcchni(iue, lviwic tile
(iominant Cf-I(M is the Gf’S ciock, a~ \vcii
as fo r  tile sitlgic -ciil’fctellci[lg tecilni(iuc
whicil ciinlinates t h e  CiI’S  ciock crlot.
l:ig 5 shows tile error in tiw rcconstru~tc[i
tctnpmttute versus  hcigilt to]- tile singie-
(ii flcrcncin,g techni(iue. Two ciilfclcnt
cases arc piottcd in l;ig 5; in one case the
invetsion sliirted tit 09 kill ivhiic i n  thd
otiwr il starled  at 59 kin. lkh caw is tile
I<A4S of four ]uns where  t h e  ciata noise
show’n in I;ig 3 is divi(ic~i  into foul paI [s,

O-50, 50-ioo, loo-i50. i50-200sec, anCi
L’N’]lCIIW  iSILlll  illdC}WIIL!t’llt\~.

in orciett {)cill:tntily thccil’ect ol tile error-sources
shown in  l;i~ 3 o n  t h e  recovery of t h e  Iefraclivity,
prcssul-e  an(i  t e m p e r a t u r e , t h e  sinlLliation proce(iure

outiined in I;ig, 4 was cicvciopcd, The first step is to
y,cnclatc  atlllospl~etic telnpcrature an(i pressure pmfiics,

anti  thcsr ale  obtained froln tile US stan(i  arci atmospheres
inciu[imi in the }Iandtxmk of (geophysics ;Lnci the Space
l{nvirt)nlllcl)t pubiishcci by the LISA];. lgnol-ing watel
vaiNw, rcflaclivity is then gcncrate(i  using the first tet-lll  of
liq i, Ot~scl-vahics  fo] n given G1’S-l.liO (wcuilation
:Ieolnctry ale gcncralc(i by raytracing the signai t h r o u g h
the assunmi atnlmphere, Noise is added toti~e simuiateci
radio signatulcs wilieh :irc then inver[cci in the manner

c1C ,)n<n,  d
II,”) yhkl I
t llKt  w e

/’i,q  4 I’tmcfl[ire J(,I  .vitt)ldlfdti{m  (!f sottlc  (’trot SO[4WC.V
Ill(it cotlltil]utc  10 the tcttic~’(il  of [lttno.sphctir
j)t (!/ilc,s

~
n 30.,.-
: 20

10

0 :d,,,,, ,,,,,m

.01 .1 1 10
Temperature Error (K)

f“ig.5. 7et)t/)ctclt[irc  crr[)tll[it’ t{) \{lti[)[i.v.r [)iit<c.Y(.< t’(’1~’.r[
fi)t details)

I;ig5sll[)\vs tl):ittile terlII~er:ltllr  eellt)t-i  s-i Ka( SO
kIn an(i (il(lps to a few tenths  of a  ticgtce Kcivin i n  ti~c
mici(iie an(i  l o w e r  stratospi~erc.  Aithough sevcrai  crtor
s o u r c e s  a r e  inclu(ie(i in tile s i m u l a t i o n s ,  possibie
s i g n i f i c a n t  crtors ciue to the ionosphere as  weii a s
sys temat ic  cr[ors ciue to inhollmgeneity in [he hwizontai
structure of tile refractivity have been exciu(ic(i.  ‘1’ilese

mm sources arc trcatc(i separately in Sections 4 ami  S,
‘I%e resuits  shown inl;ig. 5ttlLrs re[>reserlt:i  iowfer-t)OLlrlci
of tile t e m p e r a t u r e  e r r o r s  tilat resuit frolll rtindom
measurement errors, Moreover, (he ei’feet of water vapor
ha<notbccn il]cor-~)()rzitecl intc)tile silllLll:Lti()rjs  rcsLllts, titlcl
f o r  m o s t  attllospheres tile p r e s e n c e  o f  water vapor
o b s c u r e s  lilt intcrp[-etatiorl of the refractivity kiow
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ahL~u(7 km.  I’he rcllicval 01 nlois lure inlorlnati[)n in Ihc
Iolvcr tloposphcrc has hccn desclibcd in Rc! 3 ancl is also
discussed in Scrlion 5.

‘1’hc eallh’s ionosphere which extends f’tonl aboul
X() ktll altitude upward. ircts as a lens that {>vcr lays  the
llCUtl’tl]  :l(llloSj)hCl”C. II) an occul tat ion”  gconletry,  the signal

l]]Llst p a s s  t h r o u g h  t h e  i o n o s p h e r e  on i t s  way in to  and ml

of IhC neutlal iit]]]osp})cte bcloW  100 kl]l :\ltit L](lc, ‘1’his
ill]p]ics that il removal of this ionospheric cllect on t}]c
signal is ncccssaly  bci’ol-c we can accuriitc]y  deduce the
neutrnl illllloSphC1’iC profile. I’hc dispersive nature of the
i~~n(wphcr-c, causes the two CT1’S frequencies to tral’cl at
dill’crcnt speeds. A simple Iincnr colnbination of the 1,1
ill]~l 12 signals can hc lol-[llect  to subt]iict out tll(lst of the
iont)sphctic delay. I’his commonly used simple lineal-
~()]])bil]ilti(~n  however, assu Incs that the twro G1’S signals
arc tt aveling,  along c~itctly  the same paths, Moreov cl, it
ill~() ignotcs higt)cr  01 (ICI t e r m s  i n  Ihc  CAl)iillSiol) 01 the

i o n o s p h e r i c inclcx of rcft-action. q’hese  r e s i d u a l
i(~nc~spllctic cllccts, if left uncalibrtttcd, ilCt S as a n  cm)r
sc~urcc tt)i~t Il121pS  i n t o  IIClltl”i\l i\tl]loSphC1”i  C p r o f i l e  CIIOI-S,

in this sccti(~n  we wi l l  examine these ionospher ic
tesiduais in somcdctail.

“1’hc two Ci}’S p h a s e  ohscrvitblcs, /,/ a n d  1 , 2 ,

Cil  I) bc  CX[lillld C(i in powers of t h e  i n v e r s e  o p e r a t i n g
flC(]UCllCy  ii~ fo]low’s (See Appendix for details):

( 4 )

pe(dcliu ilpl)lica[iorl~,  ttlc I’itslordct [c]ln is IctIIott.cl  \ia

a  silllplc lincat cotnbination” of (he 1,/ a n d  l.~ (  scc

A p p e n d i x ,  ilq. (A13)).  l{ CSi(i  Uil] ionosphcliu”  cIIor\ aIc

tt)rn lcducd tocftl level of l e s s ,  “lhcsc rc\id Ll:(ls,  sIIIall  a \

t h e y  ale, Il)ay hc il litnilin:, cm)t soLltcc i n  t h e  ncu(tal

allnosp hetic rcconstl Llction a t  hciyhts a b o v e  35 kIII

il]lit UdC. ])e]ow W’C CStill)ilt  C ttl CSC lCSi(l U:\l ioll(~sphcl”ic

ct’fccts, anti suggest waysot ’ reduc ing thcm.

~’(~ p l o t ’ c e d  With  the L’olllplltiltio]l”  of” ttle hipllCl-

(l](lcf and b e n d i n g  tL’ttl)S,  WC  h~VC to il<SUlllC Ill(dcls f o r

the electron density, N, ii]](l the CaILh tli;ignctic field [{(),

1:01 ttlcelectrclrl clcllsity, \vcgcilcratc{l ii2-1)g,rici alongo
g e o m a g n e t i c  Iongitudc Llsing  t h e  l’ar:ln~ctctizcd
lonospbcric hlodc] (1’IM) (I:ig. 6 ) .  I’bii 2-1)  ~tid which
e x t e n d s  fron) -80,+$.+() latil Llde cor[cspond<” to t h e
sin]Lllated e l e c t r o n  d e n s i t y  irt 12:()() Lllli  VCt’sil] tirnc,
Scptctnbcr 26, 1992, I’hcdcnsity isre[~rcsetllilt  ivcoi’ttlc

ionosphere duling the day time, and durinr, high s(~lar
activi t ies, P I M  is a w o r l d w i d e  electlor~  density profile
mdcl that is based on a pirl-a!ne[crized vel-sion  of the
[Jtah  State  [Jnivcrsity model, which is a complctc, first
l~rir]ci]~Ics, i()rl()sl~tlel-ic rl~c,(lcl  ttsir)g itsir~[>tlts tljcs()lilr (JV
ilux wave length  p]ofile, the lledin ncuttal wind mo(icl,
the hlSIS-W) rlc L]tral atnios]~here  nlodcl, and i]t~ electric
field lllo(lclot~t:iirlccl fromall aV:lil:lble Ck[>Clill]Crltil  lCl:lt:l.
~’hc 2-]) d e n s i t y  g]”id bi[s a bLllge ]lCiir  2 0  dc~,. north
liltitLl(le. A vertical profile at that latitude is shown in
fig,urc  7. lllC two [lCitkS  corresponds to the 1’2 pc.ak at 400”
ktn altitude and the Ii peak at -IO() kn~ altitude, In oLlr
sirtlLllation, the vcc  L]ltation  is tilkillg place in the same ()
l(mgitLldc plane, with a tangent point at 20 dey,, north
latitude,

( 5 )

)vhcre  p c o r r e s p o n d s  to the gec)metrical Icngth
:Ilong the path  t rave led by the /./ f’requcncy i>lus t}lc

delay ] nduccd  by the neutral attnosphel-e;  p also  contains
It’] !ns Itlat al-c conlmon to bot}l /,/ and f.2 SLIL’h as c]ock

dt ills. ~’hc coeff icients q, l’, and 1- are factors involving
intcgt alien of the clectmn density and magnetic ~tcld
alon~ the 1,/ pat}].  11/ anti 112 contain other effects such

as  systc-m n(lisc, n]ultipat}l and othe]- tcrnls that can hc
w)lvcd lor. ‘1’hc  colrcction t e r m  rl’ is due to the f:ict that

IIIC two p a t h s  tri\\clcd by  the  [. I and f.2 s i g n a l s  a r e

slightly difl’crcnt.

‘1’hc second, third and fourth terms on the right
tlillld  side of Iiqs. (4) anti (5) al-c rcspcctivcty inversely
}Jropor-tiorlill”  to the second, third and fourlh power of the

[)pcratinp frequency. We will refer to these ter[ns  as the
“first”, “ second” and “thirxi” order ionospheric ternls; w
wi l l  bc rcfcried to a s  t h e  b e n d i n g  termi. ]Iighet--nr(icr

(211{{ illl(l  Y(i) a n d  bcmling tcrn)s  a r c  t h r e e  orcicrs  of
IIlapnitndc smal ler  t}lan  the  f i rs t -order  terln. In nlost

Next wc need to model the earth’s IIlagnctic field. A
first ordcl :i~l]lroxilll:itiorl” 10 the gcornagnctir field near lhc
surface of the car[h  is an eiil-(h-cel][ertd dipole with its

800.0
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20,0 0 . 0 2 0 . 0
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}’iglirc 7: _l’rite find rc((JI1.vtIIi(l(’(1  cleclrm  density
I)t-(filc,v  at 20 deg. N. Ia( itlidc.

a~is [il(ed I() intelsect t h e  eat-lb a t  78.50N  l a t i t u d e ,

~() I ,()()}:,  Iol]gjtll({e,  which c o r r e s p o n d s  t o  t h e  gemnagnetic

north p o l e ;  a n d  at 78.5°  S latit L]de,  11 1 .OO1{  Iol)gitude

w h i c h  corIcspon(ls” to the geon)a~nctic south pole (lFig. 8),
I n  g e n e r a l ,  s u c h  an a p p r o x i m a t i o n  i s  o n l y  a c c u r a t e  t o

about 75%; an appl-oxi mation that is 90C1,  accurate can be

obtained by taking the dipole to be eccentric. Still a more
accut  ate value of [he magnetic field can bc ob[ained by
using the Inlet national Geomagnetic Reference l;ields;
h(~wever,  our aitn is to g,ct a first orcler  assessment of the
Ilipt)cl-olclct and bending tcrtns. These terlns arc small,
I>ut can bc liIl)iling s o u r c e s  of e]-ror i n  t h e  tcmpcratule

p r o f i l e  ]ettie\Jdl  in  the uppet- s t r a t o s p h e r i c  h e i g h t s .  ‘l”he

cotl)plcxity of Ihc m o d e l s  used to estitl]ate t h e s e  e r r o r s

IICC(I  (Inly t o  h e  c o n s i s t e n t  w i t h  t h e  r e q u i r e d  a c c u r a c i e s

l]ased 0 1 1  these Inodcls,  w e  e s t i m a t e  (IIC Iesi(lual

ionosl)helic” terlns a f t e r  f o r m i n g  the t r a d i t i o n a l

“ionospl)elic” f r e e ” l inear combination (Ii]. (A13) of
A p p e n d i x )  l:igure 9 shows the res idua ls  due  to the

GIOki  A(SSt  11<
AXl\

icrond- and thi!{l-[)tdcr tcttll~ a~ we’ll n~ bcndin: vct>u~

(I]c  heiglll  o f  t h e  Ulngcnl point oltt)c (Iccultdli[)n l i n k ,  11 i~

clear ftom the l’igul-c  that the dominant c[lor-  is duc  lo
tlet}clil]g.l’l]iscli{~l- bcc~)lnes particulal]y lal~e at hcipllts
ncal I(K) kl]l altitude col-lcsp[~miing  10 tlm b[)tl(~[[l  (Jfttw IL
l:iyel, "l'tll` tl];lxitlllltll t)cllctil~g clt()r:~t lookI])uC)t[L.s}~LJt]cl\”
tothclitne \4hen Ihc lay isexperiencingthc ShaI-~)  veltlcal
gladicnt o f  t h e  index 01 I-eflaction i n  t h e  t a i l  o f  [hc D

IiljJC1.

150

~n
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——
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100 - , . . -Thlrd Order Term
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“  G “ ’ ’ ’ - ’ ’ ” - ’ ”J
-60 b ‘

8 1 I 1 1 I 1 1 :-+
o 20 40 60 80 lW

H+M (K”, )

l’igure 9: Rc.ridu{il imw.vj)llctic Otto! (i ftcrf(jrttiitlg t}lc
ttdi(imal ''i(~tl().v[)il  cri(ftct''8  litl('[lt-c(  jtlllJitl(lti()tl.

-L2 bmd,ng
+L1 bending — S i g n . l  Scfl.lr.,  t,””
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l’t\ceffect c> fttledis[lcrsivc bel\(liI~g  is understood
fur(ller as we examine the amount of bcmling experienced
b y  e a c h  sign:il as  shown in  fi.gute 10 I’hc /./ and f.2

signals experience a maxitnum bending of ().()2 and ().()3
d e g r e e s  respec[ivcly. T h e  p o s i t i v e  betl(lin~ itl)plies  t h a t

t h e  signals are L’LIIVC(I  a w a y  f r o m  t h e  ca]lh. ~’his cLlrvatul’L’
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[ban  (IK 12 [egion. A l s o  sh{~wn in  the i’ipure i s-  t h e
Sepal-ilti[)n distance hclwecn Ihc two Iangcnl heights  of’ {he
1./ and /.2 raypalhs. The sepal-ation distance I“angcs
t)cl\vLTn  - 150 tn near  [hc  surface of the earth  to about
500” II) at 100” ktll altitude.

on (hc olhcr hand,  typical night t ime ionosphetc
tcsiduals arc less than 1 nlln llp to N) km altitLde which is
below sotllc of tbc noise levels considered in the prc\ious
sm’lion (see l;ig, 3). ‘1’his ill~plics that Scncra]ly speaking
the nigh( time ionosphere does not represent a problcln to
ncutt  al at[llosphel ic temperature reccr\ery,  In con(t  ast, the
day ti[lle i[)n(mpbcric rcsid  Llal error ranges from -3 10 +3

cl])  bel\vccn heights of’ 20-80 kfn, which would create a
set ioLls c1 lo] in the recovered temperature in [he upper

pal t of t h e  stl-atospherc. T h i s  pbzrsc change of’ 6 cm
c~)]leslmnds to (). s c% of’ t}le tot~tl :itmospheric d e l a y

Cxl)crienccd  at 20 kin,

W c  ale putsLlirlg methods of further rcclucing this

cl I()] w h i c h  u t i l i z e  in fortnation on the verlical slrwct Ltl-e 01
the i(~nosphctc  recovered by inverting the ionospheric
t)ccL]lta[ion  data. An c.x;iIIIplc  of the solution thus  obtained
Ulldcl ttlc assultlption  of’ ]crcal  sphcr-ical  hon~ogcneity i s
shown i n  };ig. 6 ( l a b e l e d  “Unilorn~”), A  b e t t e r
ICct)rlstruclion is oblaincct when a holi70ntfil gradient in
!l\e  electron density was assLln~ed (labeled “N(>t~-tlrlif(~rl[~”
in I;ig. 6). ‘1’his hor izonta l  g,radient is  obta ined from

~lUUIKl zenith ‘I’l K’ lncaSLllelncnts  and distribLlled eqLlally
acloss  all the ionospheric layers. It is in~Jmrl ant to notice
{hat the l~(~ir~t-to-~~(~itlt strLlcture  of the 11 krycr  is recovered
in Ilw ptof’ilc,  lhc absolulc level 01’ the density however is
of’!, ‘1’his can bc improved by applying the constraint that
Ihc clectton dens i ty  [nust  fall off to zero near 9[) ktn, and

not exc~~c(l  a ccr[ain limit within the [i region. I’his will bc
inycsliyatcd furlbcr  i n  s u b s e q u e n t  s t u d i e s .

5. N1l(J’1’RAI.  A’l’hlOSI)lltLRIC l) ROFII,lCS

WC h!l~’c talicn a first older look at two of ttlc tll:ljor
issues  conccrnins the accuracy and applications of
occultation observations of the ~TPS i n  t h e  n e u t r a l
a[tll[)s}~tletc  (ttopmphcrc, stratosphere, and lnesosphere).
“1’bc first issLlc i s  how accura te ly  can rcflactivi(y bc
retl icvcd  given the relatively large horizontal variations in
the rclracti\’ity s(ructLlre  that  somet imes occuls, T h e
second  issue is rrlated tc) tropospheric water vapor and
concerns Ilow well c a n  t h e  m o i s t  a n d  dry tervns  bc
scpat alcd  f’I~JIn the refractivity estimates.

As seen f’]om  ]lqs 1-3, once the ionospheric term
has been rcmuvcd,  the tcn~peratLlre  can be retrieved in
tcpi(~ns  where nloistL1l-e is negligible, l;or the earth’s
atlllosphcl”c, moisture has little effect on the refractive
index when  tllc tctnpcrature is less than aboLll  245 K.
Thus, fo r  occu l ta t ion  nlcasLtrcn~ents  f rom the GPS  ,
tcnlpcratures can be retlicved f’roln aboLlt 60 km down to
abo  Ltt 7 kin. l;or the special c:isc  of polar p r o f i l e s  iri
winter, water vapor densities are silfficiently small that

vcty ptt~l”iles of tei]]petatu]d can be rc[[ic!’ed d(~wn [(l Itlc
sulfate (Ret’  4).  i n  t h e  tlopical ICgi(ltls  o\et ttw {)cc:In\.
the icltlIwlatL!rc l)t[)t’iles  tend to bc r;itl]c[  ut]iii)][]l.  M;tkil)g
il\c of this inibrlliation al]o}vs  the nloistLltc pl~)filc it] lhc
lo\ver few kilolllctct”s  of the atnlospllcrc to bc acuLlt:ltcly
tctlicved (Ret’  3).

]:or OccLllt:ition  nleasilrctllcnt\ Llsing (;l)S, the ridio
pat}) travcmes  about 2,()()() km of the :Ltmospherc  fo[ the
ray which is tangent to the ea[ Lb’s silt-face,  ‘1’he ptc\ioLjsly
mentioned results in Ret’s 3 and 4 ass LltI]c a hoti70ntally
uniforlil atlnosphe~e  over  th is  2 , ( ) (K)  km, IJridc] these
conclitions, the Abel transfortn pro\idcs a \,cry  :\ccuratc
leconstt uclion of the rcf’r;ictive index ptofilc. IIow,rver,
the earth’s atlnospher’c  ofte[t has considerable st[ ucturc  in
the ho] in)ntal dili)ctision. l’hc effect of val iablc horizontal
strilct Llrc wits  briefly discussed in Ret’ 4 tvhcre  the reader
is rcferl”cd 10 ga in  backgttlund on how th is  stt”Llc[Llrc
a f f e c t s  t h e  r e t r i e v a l  ptocess. }Iere, in :in attetnpl to
estitil ate t h e  Llpper  Iilnit of ttic itllpact ot’ horizonta]
structure of the :itmosphcrc on the retrieval of pt-otilcs
f’rmn  (i])s data, we have simu]atcd an occultation Ij)r”t)ugh
the center of a strong frontzil surface, We believe (his
l-eprescnts  exttenle betlavior fitst because it  is Cxtl{’l]lc
Wc:ither b e h a v i o r  b u t  :ilso b e c a u s e  t h e  OcCLlltation

taypaths a r c  01 lhogonal t o  t h e  f r o n t  Iinc and bccatlse t h e

t a n g e n t  p o i n t s  o f ”  the raypnths  f:ill r ight i n  t h e  a v e r a g e
cci]ter of the front (ciistancc  = 1()()() kln in I:ig 8). It
shoL1ld be L]nderstoml  that if t}~e ravpaths  welt parallel to
the flont, then the holi70ntal \alijltions woillcl be t]luch
snlailer and rett icvais  wwLIld be very acc Llr;itc,

I’be lclnl)cratL)re  stlLlciL1l-e for the cross seclion  is simwI] in
l;ig 8; it was adapted from a cross section pr-csented in Ref

8. Only ciata Llp to a hcigi~t  of 14 ktn is sb(w.n  in l:ig 8, ilLlt
fo r  the o c c u l t a t i o n  siinulations, both tcli~pcratLltc  ;in(i
nloistLlrc  information from the siltface L]p to a iwipht of 70
ktn  was generatcci.  T’he c[uss  section shows  the slrong
front extending from the sLlrf:icc  at atmLlt I ,500” kn~ Llp 10 a
lieight of about I 2 km at a d is tance of” 700” km.  ‘1’hc
ci]angc actoss  ti]c 2,()()() km of’ ti~c c r o s s - s e c t i o n  i s
rcprcscntative of a very pronounced front that riiight be
foun(i :it mid latitLldes  over continents ciLtring tile wfintcr.
‘1’he strLlctL]re ili tk cross-section of the stratosphere :in(i
the rnesospberc  alsu  contains feat  Llres that arc consislci~t
with those  expected belwccn a very colci  air n~ass and a
wal  II] air In:\ss.

I’he rcfr:ictive i n d e x  w a s  conlpLltc(i f r o m  ti~c
temperature and moisture cross-sections, ‘1’i)c change in
t}m rcfmctivity from one  end of the cross-section to t}]c
oti]et-  rangeci  f r o m  aboLlt 50 (k at 70 knl [0 abOUt i () ‘}
i~ear the surftice. I’ypical variabil i ty of’ the rcf’rac[ivity
wi[ilin tile trrrpospilere of the ctoss-section w a s  atrotlt
IS%.

~Jsing this weather front strLlct Llrc, tbc  accilracy of
t ropospher ic  re f rac t iv i ty  retriev:ils Llndel- s o m e w h a t
extrerile c o n d i t i o n s  c a n  be :isscsscd.  A p p l y i n g  t h e
sin~Lllation  systcm  d e s c r i b e d  i n  Sccticrn  3, si~nal patils

8
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fIC)III  llIc (i}’S salclli[c to a receiver in I ,Iio were  tt-aced
tl]lt)ugh the w’catbct- front shown in  I;ig N [o genclate a
silllulolcci dat:i set. “1’his w a s  i n v e r t e d  to lecovcr the
a[)pa Icnl  vet (ical  refractivity slrLlcl  Llre at the renter of the
cl{ws-sccli{~n  at I ,()()() kin under the assulnption of local
sphclica] syllllnetry (the Abel transfo[ln  solution), If the

a[nms~hrric  structure for the moss-section ex}li bits only a
linear change,  the Abel  transforvn s t i l l  p rov ides  an
cxccllent solution for the center  plo~]le. q’he reason is that
a n  excess  cont r ibut ion o f  the rclt-ar(i\’e index to the
{JhscrvLd phaw ch:ingc  Iron) one side 01 the center will bc

{Jfl’wt by  a coIlcsponding” d e f i c i e n c y  on the olher s i d e  O f

the center. on (he other hand, refractive-index structure
[hat is symnlett ic about the center prd’i]c,  such as eilher a

l-clativr I]]inilnun) or maxinlun] v a l u e  a t  t h e  c e n t e r ,  w i l l

intl(durc et-r(ws w h e n  the Abel  transi’orln  s o l u t i o n  i s  u s e d

(Ref 4). ‘l’tIlls the  retrievals provide an initial estimate of
the eft’cct  01 symnlctl-ic atnlospheric structure relative to
the mntet (at 1000 km). I’hc results arc shown in JJig 9.
lixccpt  at the very highest levels and near the sullace, the
CII(WS can he expected 10 be less lhan 1 %, and for mnny
hcigl~ts  (IK erlm is less than ().6 % even with the local
sphct-ical  syllln~ctry  ass Lln~ption.  I’hc A b e l  ttansform
solution is convenient to plovidc initi:il estilnates of the
efl’cc[  of a non-u  nif’mn attlm]dwrc (Jrl the retriev:il of the
rc>fr;lcli~ft’-il](lex  pmltle.s. }lowe\Jer, other lechniq Llcs have
alteady been  dcvclopect to hanclte  a  n o n - u n i f o r m
alll]osphctc (l<ef 2), and when tlwse arc applied, it is
cxllcctcd that the errors  in the recovery of refractive index

will ~cncra]ly bc smaller that those shown in l;ig 9.

once the ionosphere contribution to the rclractivc
index is  rell]oved, lhe pl-occciure  outl ined in ScctiOn  2
iJlO\idcs the stciw  to retrieve the telni>crature  [it tile center
of” (I)c cwss-sect ion shown  in I:ig S. “i’he prcssurr prwfiie
is cwmi)utcd  by in[egristing the refractive in(iex profile
heglnninp, :it ti}c top of t h e  imot’ile m 7 0  km i n  OLlr
cAamiIic. “1’iw intcgtation can procceci  ciown  to a h e i g h t
wiwrc ll~(~isture starts cont[-ibuting to the refractive inc]ex

w h i c h  i n  th~ prOfilc of” l;ig 8 is aboll( 8 km.  II) OIliL’1 1’01-

ltw  inte:tation to pI(Kecd 10 t h e  s u r f a c e ,  an  a\cIiigc. i:(psc

I atc in trl]lpcl-ature 016 K k[]~- ] \va\ iissl]l~~~{i  tI<)II~ x kIII
to tbc Sllrfacc: tilis stci) Ica(is  to a n  t’slitllatc  o f ”  t i l e  fifsl
tcr III Of  i;q I anLi by s u b t r a c t i n g  tilis cstill~atc  t’loln lhr
silnulatcci rCfl”ilCti\’t’  indck, illlottnatitln on tht’  tn(~istutt’
plofiie i\ ol)taincxi.

I’hc result\ oi’ tilis letricval prmmiutc ate shown in
I;ig i (). Since  the prcssLite  at the top of tile profiic \\ould,
in gcne[ai, not bc known, an etlor ot’ 5% it} thr i~tc\sulc at
a  iwigilt 01 70 klu w a s  introdLlced. I’he cflccl 01 t h e
llllkllow’11  [>l”CSSlll’C  at tilC StaI[ of tilC ill[Cglati(lll  I S  lill{!t’1~
removed after descending about two scale iwights to near
()() km. Jor nlucb of the stratosi)hcle,  t h e  e r r o r  ill  ti)c

ten~per:iture  is less than (),5 K, I’he valiah]e stlucture itl
tile cross-sect ion ne:ir the twimpausc Ica(is  to an incjcawxi

emr in the ten~pcratLlrc  pmtile at heights bctv,’ccn  9 and
12 ktn.  Below S kin, the crro] is a rcfiec[iOn Ot iI(JWJ \vell

-0.4 0 0.4 0.8 1.2 1.6

ERROR IN THE RETRIEVAL OF REFRACT IVtTY, N (%)

t h e  a s s u m e d  a v e r a g e  l:ii)sc rate m a t c h e s  timactuai  i)rofile,

I’he iarge erlors i n  t h e  telnix’riiture estilnates i n  t h i s
altitude region also caLlse l:irgc erlors in the water vaimt
estilllates. As simwn in I{cf 3, the rctlievai of moisture in
the lowcst5 kll~olt i~ettc)}>osl~tlerc(l el>ct~cls” \crys(ron~ly

on how w e l l  t h e  telllper:it  L]rc c a n  bc estill]iite~i
independent ol the occultation ohservalions, I’ilese res Lilts
in tile iowm tropospiwre siKmi(i  be vicvmi as Lti>pcr Iinlits
i n  that (hey (io not t a k e  a d v a n t a g e  of aciditiona!
information on the ten~iwratLlre  anti pressure sttLlcture
provided from other sensors anti weather models wi~ich
will improve these results. Ckmbining these observations
with tiwsc other sources of inform ati[)n needs further
rcsearcil.

l’hc situation of the front is in marked cwntrast  to
tile Sitl]itlio[]  encountemi w i t h  m a r i n e  boLtnciary  ]aycr
inversions where the rcfracti\’e-in(iex pr~)fiie  is usclul for
identifyirrg t}~e }~cight  of ti~c i n v e r s i o n  be~i]llsc b o t h
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[Cl]q)craturc  :ind rnOist Llrc cOntrihute 10 the existence Of a
vety SIImI~ rcfr-activity ~rdicnt at the top of the boLtn(iary
l~iycr  (I<ct 3). (Jnfortunate]y, in [he case of a ftont, tile
[Iloist and dry ef’feels lend to cancel,  On the front’s mid
sidr,  the :Iil is dcnset bLlt c o n t a i n s  l e s s  watcl- S O  t h e  d r y

ci)ntlihution is ialger an(i tile moist term  is smaiier than
ltlc r e l a t i v e  contlihLltiOns of theit counter-par(s  on tk

w:itlN s ide  w i t h  ti]c net Icsuit tilat r e m a r k a b l y  iittie
I]liclt)wave re f rac t i v i t y  cOntr;\st  exists acloss  the flont.
‘l’iwit>f(wc,  for the case of a highiy variable :itmospiwre in
(Iw  ll\i{i latitutics, the optin}uln u s e  of t h e  occult:ltiorl
tllc~lsutcllwnts may be in using tile refractive-in{icx proliic
Lls n lil]~it for c o n t r i b u t i o n s  b y  both tempcr:iturc anti
Inoisture.

I
(i. {X) Nt:l.lJSlONS

Sonle insigilt into t h e  mechnrlisttl of t h e  radio

(wcLlit;ltion tecilnique and its polential perf’orlnance in the
l)tcsence  of’ i(}nOsJlilcric  effects and noise  sOLlrces on G1’S
occult;[tion tlleasulemcnts has been dcscribeci.  I’hc eil’ects
of’ imrimnt;ll structure associatcci  with a weather front on
tile rctlicvai 01 rcftacti\~e  index, telnpcrnturc, anti lnoisture
h:L\Jc :Ilso  been prcscntcd.  I’leating tile imrimntai issLlc is
porticulatiy ill~portan[ because it may be the largest error
sOLlrcc i n  tile tropc>spherc. I;ven w i t h  large horimntai
chnnxcs i n  t h e  a t m o s p h e r e ,  temper  atLlres in t}~c
stl atospiwtc ~~ncl upper troposphere may be retrieved with
at) etnor of less ti~an i  K,

A(~KN()\$’l,ltl  )(;hfltN’I’S

S o m e  of’ tile work described in this papcl-  was
carried out in p:irt by the Jet ]’1’opuision  I abol:itory,
(’aiifornia institute. of Technology, uncicr contract \vith the
National Aeronautics :In[i  Sp:Ice A(lll~it~ist[:ltiot~.

AI’I’EN1)IX

]~]tl?]~~’1’  ()]i ~’}11~ ]{)Nos]J}[l~Rl~  ON ~’]]}~ {;~~s
SIGNA1,S

I’ilc in(icx 01 refraction for tile ionosphere, )t, is
given by tiw ApI~letO1~-JI:{rtlee  f’ortnuia

2 X ( 1 - X ))l; =1 - -
2(1- A’)- Y;~{Y; +4(l--X)~Y, z, (Al)

w’iwre

X=(J)2~ ~ ~ (Nc2/4np~,,t)t)

f 2 ‘

Y~ = Y sin 0/!  ; Y{, = Y cm (l!,
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y = ( .Ii  ) = (1(’  I B,,/2.ml  )

f ’ f

AT is tlIc nutllbct  density
lhc cleclrx)n charge and Inass,
Iw]lllilivily (Ifttle flee SpaCC,,fij,

(A4)

Ot’ clecuons, c and m arc
rcspectivety,  F() is the
[< an(ij aIe the plasm+,

~yro-  and cart icr I’lcqaencies  l:cspecti\cly,  ()); is the angle

be[wLcn  tbc  ear(h’s  m;igne[ic field f;{, and the direction of

prt)papa[ion of [he wavell-t)nt k. f~() is [he nlagnitLlde of

l/(). IIy definition Y = cIi(~2@ttl,  and since for elec[mns e

i s  ne~,atil’c, Y is antiparallcl  tO f;o, I;or tile e a r t h ’ s

itm{>spherc, w i t h  N = 1012 eleclrOns/n)3 Ihe  plasma-

fleqaencyjj, = 8.9 Mfl~, I’he gyro-frequency t’ol an

CICCIIOI) in ear[}l’s mag,netic  f ie ld  (2xlo”5 I’esla) isj: =

.59 h411z.

‘1’hcplusald t]lirllrssi~nsc)fll(l, (l) cOrrespOndtO
Ibr ordinary and extraordinary wave mOdcs  Of
propa:;lliojl”  I-espec[ively. When the carrier flequency is
laI~e coinjmd 10 plasrtm and gylc)-ftc(ll)cr~cies,  as is the
case wilh t h e  Cil’S  freq Llencies,  t h e  principl Irlodcs of
1,1 opagatiotl  aIC  do]ljinantly circ Lllarly polzil-iz,ed, l~noring
the l.(’}’corl~])or)er][  ofthc G1’S signal which has Iess than
,35% :IIIC] 2,59k o f  t h e  total power. for 1,1 a n d  1.2

respectively, only the (-) sign will be ofrelevancc IONS in
the suhscqLwnl  analysis,

in powers of the inverse calrier freqLlency, the
index  ofl-cfmction for the ionosphere can be written as

//.-1- JX. JXYIC{)SOI,  I
2 2

1

(AS)
lx !X.i Y~(l+cOs?fl/, )
4 ?

‘1’lle phase delay of ;i signal passing throLlgh  the
i(ln(~sphere  is given by

wherr (/r is an element oflcngth along the cLlrveci path
tlla(thc signal tlavels(see~;ig. Al), and c is the veloc i ty
oflig,  hl in vacuurll, rI’he integral fm’1,1 and]2 is along the
cuI\Icd patllthal each signal travels. Using liqs. (A2)-(A())
[Ile (i}’S carlie~ phase observable can be written, in the
dinlcnsit)n oflcnglh, as

(A7)

1’?=.})-  ‘(- J.’’ -J. !”+ C7+BJ,
/j 2 f; 3 /:

Whcl’c

(Al+)

~=!
\

J;(u, = (-103) ( N cU. = 40.3  71:(’, (,A9)
2 ,(,, rl, .,,, !,< I

J,,,,,  < I

= 7527 [
i

NB,, Ices ()/{ ICIY , (A1O)

/,,,,, ,,

J)<(, r,.

-t 4.74 x 1022

\
N}]: (1 + cos~ ()[~ ) dr .(A1 1)

<,,,>,  I

7T;(’ is the total electron content aloag, the path d’

i n t e g r a t i o n ,  2 i s  t h e  o p e r a t i n g  wavclengtb. la Iiqs. ( A 7 )
and (A8), p cm[es ponds to the geornetl  ical  dis[ance  plu\
the ncLtlral  allmspheric delay along [be path tra\eled by
the /,/ signal. It also contains all the non-dispersive trrllls
t h a t  arc conlrnon to both fr-eq Llencies  sLIch a s  c l o c k s ,

transmitter and receive]-  delays. la liq. (A7) and (AX) 1~/

and /12 arc the sun) of constant biases, n~Llltipa [h, systetll

noise, phase center variations and a ttansnliller/ reccivet
relative geometry dependent tcrrll. Some  of these terms,
sLlch as mLl]tipalh and systerll  noise, have already been
consi(iered  earlier. I’bc other terms  can be solved  for,

I’he second, third, and fourlh  [crrns  on the r-ight-
band side of lkl. (A7) and (AX) arc propot tional to (he
inverse- sqLlare, inveI”se-c  Llbe, and in\Jer’se-cl Ll:tr-tic powers
of frcxlLlcncy,  respectively. I’he term, n, is a car-v at[lte
correction term.  ~’hc dispersive ionosphere caLIscs  the two
s i g n a l s  to travel along twu dit’t’crent  paths (Iig, Al ), It
sh[)LIld be noted  t}lat  when con]puting the otxervahles f.j

11
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!“,

:IIICI /.z had (JII  1 !(].  (A(l), w c  intcfmlcd along tlw sat)lc

path,  namely lbal of 1./. 3’I)C Ielln, (1, IS to Corlt’cl fol Ihe

dif’f’crcncc  ot’ intcglalion hc[wccn pall] /./ a n d  l.? “1’his

dil’fcvcncc is cotnpu[ed by Wil]ianls [t<cl’, 9] a n d  Ga e(,
;[1. I I<cl’. 10] and is gi\cn by l~q. (A 12) i’or propagation in

a I~lanc. “1’ilc’ itltcg’t’ation  in llq. (A 12) is along the str:lig]l[
l ine C(lnncc’litly  tlw Ilansmilter and the rcccivel, p is tlw
cal’va[uic of the /./ path, ~~ is the index of rci’raction and

: is the ditcction n(mnal 10 X (Iig. Al ),

F~h kdvekdz
by the L? sqnal

Pdh }avekcl
(CZJNe  2)

by(hc  Ll SQrEIl
(awe  1  )

I ds

o

Trmsrrriller
/

Rccetier

‘1’hc following l inear combination removes the
fit st-mdcr ionosphel ic lcm

Al.?

[1]

[2]

[3]

[4]

(i. l:jcldbo.  A, J. Kiioce, and V. k, Itshleman, “1’he
ncuttal atlnosphere 01 Venus as stLidied  with the
h4ariner V  radio o c c u l t a t i o n  cxpeI-inlents”,

A.Ylt’otl(wl.  J,, vol. 76, No, 2, pp. 123-140, March
1971,

(i. l;. l,indal, “The atmosphel-e  of Nepturrc: a n
an:\lysis 01 radio occu l ta t ion  data acqu i red wi th
Voyager  2“ ,  As(t-otmttl. ./., vol. 103, pp. 907-982,
N4alch 1991.

11. 1<. Kulsinski, C;. A. }Jajj a n d  K .  ~. H a r d y ,  “
‘l’emperntul-c 01- m o i s t u r e  p r o f i l e s  from radio
occultation IIlc:lsuretllellts”, /’rOccedi)l$,$ of r)lc
L’ighlll Syttyw.viiittl  otl Mclcotologic{t[  Ohcnwlims
cttld  lt/.v/rl4tl/rt/(c4/i{>tl, pp. J153-J 158,  Alncr,
h4cte(m~l  Sm., Anaheim CA, January 17-22, 1993.

1;, 1-!. Kursinski, G .  A ,  }Iajj a n d  K ,  ~. Ilarcly,
“Atn~mpheric p r o f i l e s  froln ra(iio occLlltation
tne:isurelncnts of GI’S satellites”, f’toc of Cmif  /9.?5
Ititrt-tl(it Soc  for Optiml IJ18,  orl:indo J;l. May 1993.

[(,] I I .  Ri\hhcth a n d  (). K, (itillio[l, “Illtt(,cl\lu[i(,tl l{)
lonosphc[-ic  I’tlysics”, Amlcttlic [’tc.t,v, 19(L).

[7] 1). J. Knccht and 11, M, St)ul~\an, “’1’hc C]eOma:nelic
1 ‘icld” <’}1{//) 4 [~ }latidl~(wk l?j Gcop/lj.\ic.5  {III(I  III(
Sp(ice [Ctliirotltllollt ‘8, lkl A. S. Jutsa,  Ail }CIILC

Geophy 1.ab, 1985.

[8] 11. I’alllldn a n d  ~. W ,  New[on, “Atln,)sphcric
(’ircLllatiOn Systems”, Ac(idctllic  l’te.~.t, Neu York.

191 Williatns I),C.  ( 1 9 7 5 )  “ A  theory of’ the curvatl]tc
c o r r e c t i o n i n elect rolnagtlclir dis[:itlcc
lllc:lsLjt-elllerlt,”  .$ur~,~,~ //c~\ick\,, v{), 23, pp. 100-172,”

{ 10] GLI h4, and llrLlnncr IJ.K.  ( 1990)  “’1’heory  of the two
f r e q u e n c y  dispcrsi~e  range col lect ion,  ”  }~l~i~l[l~cri~~l~i
gcdactimi, Vcr. 15, pp. 357-3(i 1.
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Ionospheric expansion term & (MKS units) ~ L2 @BEIQ

1st ordec llf2 term: 4.48x10-16A2TEC 16.2 m 26.7 m 0.0

2M ordec  lf13 term: m a 2.61x 10”18A3TEC -- 1.6cm -3.3 cm --1.1  cm
(0<8 <2)

3d ordec l/f”l term: w 2.0x10 -31 A4Nmu TEC -.86 mm -2.4 mm --.66 mm
(Nmu=3.0  x 1012 e/m2)

calibrated l/f3 term based on a -1-2 mm
thin layer ionoc+pberic model:

Table 1: Estimated zenith wnospheric group delay due to 11/2,11’~ and 11’P terms, for an
arbitrary wavelength A (microwave re@on), LI and L2 frequenckw as well as the residual
range error obtained from group delay measurements with dual-frequency calibratwn.  It
if assumed that the zenith TEC = 1018 (elmz). The phase advance can be read from this



5. Conclusion

We summarize our results in table 1, which shows the amount of group delay due to
lst, 2nd and 3rd ionospheric terms in the zenith direction, assuming a zenith TEC = 101~
(e/mZ).

In employing a Chapman distribution and a dipole approximation for the magnetic field,
we were able to estimate the higher-order ionospheric effects on range and phase.
measurements. The second-order error can be several centimeters for range as well as
phase during daytime, for a year near sunspot maximum. Moreover, since the magnetic
field is fixed to the earth, and the GPS orbit, as seen from a ground station, repeats itself
daily (shifted by - 4 min. per day), the diurnal shape of the second-order error is most
likely to repeat its overall structure for several days, at least to the extent that the overall
electron density distribution remains unchanged. Such daily repeatable error in range and
phase will be mapped directly into orbital and baselines estimation. Our study shows that a
rough ionospheric model consisting of a thin shell at 300 km, plus a knowledge of the
TEC,  allows us to calibrate the second-order term to better than 90%. This implies
reducing the second-order ionospheric error to less than 2 mm on the average and,
therefor=, potentially improving orbit determination and baseline solutions.
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